A set of prompt partial γ-ray production cross sections from thermal neutron-capture were measured for the 139 La(n, γ) reaction using a guided beam of subthermal (thermal and cold) neutrons incident upon a nat La2O3 target at the Prompt Gamma Activation Analysis facility of the Budapest Research Reactor. Absolute 140 La cross sections were determined relative to the well-known comparator 35 Cl(n, γ) cross sections from the irradiation of a stoichiometric nat LaCl3 sample. The total cross section for radiative thermal neutron-capture on 139 La from the sum of experimentally measured cross sections observed to directly feed the 140 La ground state was determined to be σ expt 0 = 8.58(50) b. To assess completeness of the decay scheme and as a consistency check, the measured cross sections for transitions feeding the ground state from levels below a critical energy of Ec = 285 keV were combined with a modeled contribution accounting for ground-state feeding from the quasicontinuum to arrive at a total cross section of σ0 = 9.36(74) b. In addition, a neutronseparation energy of Sn = 5161.005(21) keV was determined from a least-squares fit of the measured primary γ-ray energies to the low-lying levels of the 140 La decay scheme. Furthermore, several nuclear structure improvements are proposed for the decay scheme. The measured cross-section and separation-energy results are comparable to earlier measurements of these quantities.
I. INTRODUCTION

The nucleus
139 La is an abundant fission product in the A ≈ 143 region. It plays a prominent role in the uranium fuel cycle with a cumulative fission-product yield of > 6% in the case of thermal-and fast-neutron induced fission of 233,235 U, and > 5% in fast-neutron induced fission of 239 Pu [1] . Together with its direct fission yield, it also occurs in the β − -decay chain 139 Xe→ 139 Cs→ 139 Ba→ 139 La. Consequently, neutron-capture cross sections for 139 La provide an important ingredient for nuclear reactor fuelrelated applications including fission-product decay-heat calculations and transmutation studies, as well as the development of improved physics models for calculationbased nuclear forensics tools [2] . Also, the induced γ-decay activity from 140 La, produced following neutron capture, and its relatively short half life (T 1/2 ≈ 1.7 d [3] ) make it suitable for isotopic monitoring at reactor facilities, following shutdown, for example [4] .
This study of the 139 La(n, γ) reaction also provides an opportunity to assess the decay-scheme nuclear structure information for the compound nucleus 140 La as well as the role of the photon strength function (PSF) in describing statistical properties of nuclei near the N = 82 * Electronic address: amhurst@berkeley.edu shell closure. The PSF has profound implications for determination of reaction rates in astrophysical r-and pprocess nucleosynthesis, and for radiation transport calculations to simulate the distribution of emitted γ rays where no experimental data are available. Recently, a strong low-energy enhancement of the PSF, observed for the first time in 56, 57 Fe [5] , was reported in 151,153 Sm [6] . Notably, however, this low-energy upbend is absent approaching N = 82 in the lighter-mass nuclei 148,149 Sm [7] and 144 Nd [8] . In the case of the samarium nuclei, a pronounced change in the measured PSF is interpreted as a possible shape-transitional effect from a modestlydeformed to near-spherical configuration as a single neutron is removed from the system [7] . Charged-particle reactions have also been carried out recently to probe the PSF in the lanthanum isotopes [9, 10] where a nonzero limit in strength was observed as E γ → 0, similar to that reported for 148 Sm (N = 86) and 144 Nd (N = 84). This work aims to extend our knowledge of the PSF systematics nearing the shell closure with the N = 83 nucleus 140 La by comparison of our radiative-capture results with those obtained through charged-particle reactions. [12] [13] [14] to measure the radiative neutron-capture γ-ray production of 140 La. Four samples were irradiated over various periods at the target station of the Prompt Gamma Activation Analysis (PGAA) facility [15] [16] [17] : "thick" LaCl 3 (4497.1 mg, 1.7 h); "thick" La 2 O 3 (1037.1 mg, 2.7 h); "thin" LaCl 3 (450 mg, 3.8 h); and "thin" La 2 O 3 (104 mg, 11.0 h). The thin-sample measurements allow us to assess the effect of self absorption. The PGAA setup is located ∼ 33.5 m downstream of the reactor wall at the terminus of a slightly curved, guided neutron beamline. The guide is comprised of 2θ c -supermirror units 0.75 m in length. Epithermal and higher-energy neutrons have the incorrect wavelength for transmission resulting in a pure beam of thermal neutrons. A modular aluminium flight tube at the end of the beamline containing a 6 Li-doped polymer to reduce neutron scattering ensures a well-collimated beam at the target position of the PGAA sample chamber [18] . In this experiment fluxes of 2.3 × 10 6 n/cm 2 /s (thermal) and 7.75 × 10 7 n/cm 2 /s (cold) on target for the thick and thin-sample irradiations, respectively, were achieved.
II. EXPERIMENTAL METHOD AND DATA ANALYSIS
An n-type closed-end coaxial high-purity germanium (HPGe) detector is used to monitor γ decay at the targetsample position of the PGAA facility. This detector has an active volume of 144 cm 3 with a relative efficiency of 27% at 1332 keV and is surrounded by an annular Compton-suppression shield consisting of eight coaxial bismuth germanate (BGO) segments. This detection system is mounted within 10-cm-thick lead housing that is itself encased by a 6 Li-doped plastic layer for enhanced γ-ray and neutron absorption to maintain low-background conditions [16] . The face of the HPGe detector is located 23.5 cm from the target position to minimize peak-summing effects [15] and is oriented at 90
• to the beam direction, while the target sample is held in a thin Teflon bag oriented at 30
• to the beam line. The BGO segments are operated in anticoincidence mode with respect to the HPGe detector to veto Compton-scattering events and thereby reduce their impact on the observed γ-ray continuum. Energy and efficiency calibrations of the HPGe spectrometer were performed using a variety of standard radioactive ( 133 Ba, 152 Eu, 207 Bi, 226 Ra, and 241 Am) and reaction sources (deuterated urea:
14 N(n, γ) 15 N and polyvinyl chloride: 35 Cl(n, γ) 36 Cl) for energies below and above 1.5 MeV, respectively. The nonlinearity and efficiency curves were generated using the γ-ray spectroscopy software package HYPERMET-PC [16, [19] [20] [21] ; this program was also used in the offline analysis of the prompt γ-ray spectra. Representative prompt spectra from the thick La 2 O 3 measurement are shown in Fig. 1 ; several primary and secondary γ-ray transitions corresponding to the 139 La(n, γ) reaction are clearly visible.
A. Cross-section standardization procedure
Two of the lanthanum samples irradiated were primarily used to obtain the set of partial γ-ray production cross sections (E γ ≥ 200 keV) for the 140 La compound presented in this work: the thick LaCl 3 and the thick La 2 O 3 samples. The former was used to extract cross sections for several prompt 139 La(n, γ) capture lines relative to those from transitions in the well-known comparator 36 Cl: 35 Cl(n, γ) [23] . These cross sections, corresponding to strong, well-resolved transitions covering the observed excitation-energy range in 36 Cl are listed in Table I. Adopting the internal-standardization procedure described in Ref. [24] , and assuming γ-ray self absorption is negligible above 200 keV (see Sect. II B), it can be shown (see, e.g., Ref. [25] ):
where σ γ,x and σ γ,c denote the partial γ-ray production cross sections for the unknown (x) and comparator (c) γ-ray lines, respectively. Similarly, A γ,x and A γ,c are the measured peak areas of the unknown and comparator γ rays, respectively, (E γ ) is the detector efficiency at γ-ray energies E γ,x and E γ,c , and (n x /n c ) accounts for the stoichiometry of the irradiated sample. This expression holds for so-called regular "1/v nuclides" where σ γ (E n ) ∝ 1/v; ∀ E n ≤ 25.3 meV. Both 35 Cl and 139 La fall into this category as they have Westcott g factors that deviate from unity by less than 1% at T = 293 K and no correction is needed for the neutron-beam temperature in these cases [26] . Equation (1) shows that the cross section for any given transition should be directly proportional to its efficiency-corrected peak area, i.e., σ γ ∝ a γ where a γ = A γ / (E γ ) and, thus, the ratio σ γ /a γ should be constant. These ratios have been measured in the thick LaCl 3 spectrum for all 36 Cl comparator lines in Table I and the resulting plot of Fig. 2 reveals statistical consistency for all values, implying self absorption is not an issue at these γ-ray energies. We have averaged these results, indicated by the shaded region on the plot, to represent the expectation value of this constant ratio N . Accordingly, standardized cross sections for nat La(n, γ) can then be determined using this normalization factor as σ γ,x = n x n c a γ,x N .
The known 1(La) : 3(Cl) stoichiometry of the irradiated LaCl 3 sample implies (n x /n c ) = 1/3. The nat La(n, γ) cross sections obtained using Eq. (2) yield insignificant changes upon correction for isotopic abundance to arrive at isotopic 139 La(n, γ) cross sections. There was 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 1 H(n, γ) [22] is clearly visible, as are a few contaminant lines from 157 Gd(n, γ). In the lower panel, the same spectrum is expanded around Eγ = 3000 − 5350 keV to highlight many of the intense primary γ rays observed in this measurement. Prominent background lines (B) and single-escape peaks (SE) are labeled as is the position of the neutron-separation energy (Sn) for 140 La.
no obvious contamination from capture on 138 La(σ 0 = 51(5) mb [27] assuming the reported 0.089% abundance [11] ). However, the complexity of the LaCl 3 spectrum renders it difficult to unambiguously resolve all lanthanum capture-γ lines due to interference from chlorine lines. The subset of strong prompt 140 La γ-ray transitions listed in Table I were selected to cover the observed energy range and used as standards for normalizing the intensities of all prompt γ rays > 200 keV measured in the much cleaner La 2 O 3 spectrum. This spectrum is shown in Fig. 1 . Normalization methods for lower-energy γ rays are discussed in the following Sect. II B.
Because we are only interested in γ rays belonging to lanthanum from the La 2 O 3 measurement, and lanthanum γ rays are also being used for comparative purposes here, stoichiometry considerations are redundant, i.e., n x /n c = 1. Furthermore, any oxygen capture is insignificant owing to its much smaller total radiative neutron-capture cross section; the oxygen isotopes have values five orders of magnitude lower [28] than the currently adopted value for 139 La(n, γ) [27] . In addition, the oxygen capture-γ spectrum is known to be rather sparse and weak [22, 28] , posing an unlikely source of significant contamination and no oxygen-capture lines were observed. Thus, using Eqs. (1) and (2) together with the set of 140 La comparator γ-ray lines listed in Table I , a suitable cross-section normalization ( Fig. 2 
FIG. 2: (Color online)
Normalization γ rays used to standardize the LaCl3 and La2O3 spectra. The expectation value of the ratio σγ/aγ is indicated by the shaded 1-σ range on each plot. The standardized cross sections used in these plots are listed in Table I and were deduced from the LaCl3 sample.
in this work. Lanthanide targets that have not been isotopically enriched typically suffer from low levels of contamination from other rare-earth isotopes. Indeed, a few strong lines from 155,157 Gd and 149 Sm were observed in the prompt (n, γ) spectra. By comparing the standardized partial γ-ray cross sections, deduced using Eq. (2), for transitions in these isotopes to their known cross sections [22, 29] , we have established isotopic compositions of 1.10(5)×10 −3 %, 1.03(7)×10 −3 %, and 3.4(2)×10 −4 % for 155 Gd, 157 Gd, and 149 Sm, respectively, in the nat La 2 O 3 sample. Figure 3 shows the transitions used to determine these abundances. The isotopes 155 Gd and 157 Gd occur naturally together in roughly equal proportions: 14.8% and 15.7% [11] , respectively. There is no reason to expect this ratio to change in a natural sample and all measured lines are in accordance with it. Only transitions from 157 Gd(n, γ) overlapped with lines of interest in 139 La(n, γ). These transitions were clearly identified and accounted for in determining the partial γ-ray cross sections presented in Sect. IV.
B. Low-energy γ rays and photon attenuation Low-energy transitions (E γ 200 keV) can be significantly attenuated in high-density materials, e.g., tungsten [30] and rhenium [31] , requiring significant corrections for photon attenuation [32] . Because the thick samples used in this measurement are rather bulky, however, to ensure low-energy γ rays are treated appropriately for photon attenuation, two additional measurements using thin samples of the exact same lanthanum compounds were subsequently performed. The thin-sample measurements were again standardized using the procedure outlined in Sect. II A to obtain a set of partial γ-ray production cross sections for the 139 La(n, γ) reaction; all reference cross sections listed in Table I are consistent with the thin-sample measurements. Unfortunately, many transitions in the low-energy region of the spectrum are still difficult to obtain precision measurements for due to overlapping peaks and γ-ray self absorption.
To address this issue, we have exploited the γ-ray data of Meyer et al. [33] which reports absolute intensities corrected for self absorption for the low-energy spectrum E γ < 70 keV in 140 La. Here, we compare our normalized cross sections for the 45.9-, 49.8-, and 56.3-keV γ rays deexciting the 318.2-, 322.0-, and 658.3-keV levels, respectively, to the absolute intensities per 100 neutron captures (I γ /100n) in Ref. [33] . Although these are very low-energy transitions, our cross sections are reliable because we were able to normalize to intense well-resolved higher-energy transitions (where self absorption in the target is negligible) deexciting the same levels according to their known branching ratios [3] (see Table V ). Based on consistency between the I γ /100n data [33] relative to our cross sections for these transitions, we could, thus, convert I γ /100n γ-ray measurements to absolute standardized cross sections for all other low-energy transitions from Ref. [33] where E γ < 70 keV. All other cross sections were obtained from the standardization procedure. We also performed a consistency check in the γ-ray energy region around E γ = 100−200 keV, whereupon our deduced thin-sample standardized cross sections compare well with the absorption-corrected absolute intensities per 100n reported in the earlier 139 La(n, γ) work by Jurney et al. [34] that covers a broader interval of γ-ray energies up to 1500 keV. The observed consistency implies self absorption is not a prevalent issue in this energy region in the thin-sample measurements.
The standardized cross sections obtained from the thin-sample measurements and renormalized absolute intensity data may then be compared to those from the thick-sample measurements to assess the effect of γ-ray self absorption. The experimental photon attenuation at a given γ-ray energy (in a thick sample) with measured intensity I γ (E γ ), may be determined by comparing par- tial γ-ray production cross sections from an optically-thin reference sample (σ S γ ) to those from the thick-target sample (σ T γ ):
where I 0 is the unattenuated intensity produced in the sample. In the absence of any attenuation, this ratio should be around unity. In the event of significant γ-ray absorption σ Figure 4 shows the ratios of standardized cross sections for several clean transitions below 600 keV from the thick hydrated LaCl 3 · 7H 2 O (ρ = 2.23 g/cm 3 [35]) sample (σ 
FIG. 4: (Color online) Ratios of standardized partial γ-ray production cross sections for clean prompt 139 La(n, γ) transitions measured in the thick LaCl3 sample (T) relative to the same transitions in the thin reference LaCl3 sample (S). The ratios were measured at the following γ-ray energies: 54.9, 63.2, 155.6, 162.6, 209.2, 272.4, 422.7, and 567.4 keV.
In order to validate our results, we calculated the effective sample thickness t consistent with the observed photon attenuation for each of the thick lanthanum samples according to the prescription of Ref. [32] . Using this methodology, the attenuation is determined by integrating the exponential-attenuation law I γ /I 0 = exp(−µ γ x) over the sample depth x:
to arrive at the E γ -and t-dependent expression for the photon attenuation given by
(5) Here, (µ γ /ρ) Eγ represents the γ-ray mass-attenuation coefficient at a given γ-ray energy E γ and is sourced from the XMUDAT database [37] , ρ is the density of the target sample, and θ = 30
• is the angle of the sample face relative to the detector face in this experiment [38] . From Eqs. (1) and (2), it is clear that the measured peak areas, after correcting for photon attenuation and detector efficiency, should be directly proportional to their corresponding reference cross sections and, therefore, the following relation should hold for all values of E γ :
The effective thickness t for the thick-sample lanthanum compounds was then varied until the constant C in Eq. (6) converged to a unique value for an adopted set [36] . Lower panels: plot of the calculated attenuation factor at the deduced effective sample thicknesses of (a) t = 0.842( of γ rays. For each sample, we performed a χ 2 minimization [32] using four γ-ray data points and treated both t and the correlation coefficient as adjustable parameters to minimize the χ 2 function leaving two degrees of freedom (ndf = 2). The γ-ray energies and corresponding standardized partial γ-ray cross sections used in the minimization procedure are listed in Table II. For a 2-parameter adjustment, the 1σ-uncertainty band is defined by χ ) mm for LaCl 3 · 7H 2 O, according to the observed minima and extracted uncertainty range in each case. The associated attenuation curves at the deduced thicknesses are also shown in the lower panels of Fig. 5 ; the experimentallydeduced photon-attenuation ratios given by Eq. (3) for a subset of well-defined γ-ray transitions (covering the energy region of interest) are plotted for comparison, and the γ-ray standards used to constrain each fit (selected from Table II) are indicated. These plots reveal statistical consistency between the calculated photon attenuation at the deduced sample thicknesses and the experimental ratios given by Eq. (3).
Based on our analysis of the thick-and thin-sample γ-ray data, three distinct energy regions were categorized in order to discriminate and obtain the complete set of partial γ-ray production cross sections for 140 La: (i) Low- (19) energy transitions corresponding to E γ 70 keV were obtained from the renormalized I γ /100n data of Ref. [33] (in particular those deexciting levels below 103.8 keV) unless stated otherwise. (ii) Moderately low-energy transitions E γ < 200 keV were obtained from the standardization of the thin-sample measurements. (iii) All other higher-energy cross sections, where γ-ray self absorption is shown to be statistically insignificant, were obtained from the standardization of the thick-sample La 2 O 3 measurement.
III. STATISTICAL-MODEL CALCULATIONS
The Monte Carlo statistical-decay code DICEBOX [39] was used to simulate the thermal neutron-capture γ-ray cascades for the compound nucleus 140 La. Below a certain cutoff energy, the critical energy E c , the code takes level energies, spins, parities, and γ-ray branching information from available experimental data. Internal conversion is accounted for using coefficients generated from the Band-Raman Internal Conversion Calculator (BRICC) [40] . In addition, experimental data are also used for intensities of primary γ rays deexciting the neutron-capturing state to levels below E c .
Above E c , DICEBOX generates a random discrete set of levels using a nuclear level density (LD) model ρ(E, J, π). DICEBOX then uses photon strength function (PSF) models f (XL) (E γ ) for E1, M 1, and E2 transitions to generate a set of transition widths Γ if from each state to all other states below, where i and f denote the initial and final levels, respectively, involved in a transition. The calculated widths fluctuate according to a PorterThomas [41] distribution:
where x = Γ XL if / Γ if , and the expectation value is given by
Individual levels and partial radiation widths are generated randomly; a complete set of these quantities for a given decay-scheme simulation is referred to as a nuclear realization. Because of the different decay paths involved, the calculated quantities fluctuate among different nuclear realizations even for a given PSF and LD combination. The statistical variation of the decay-related observables due to the fluctuation properties of the simulated quantities can be represented as the associated uncertainty.
The code predictions used in this work were the population of levels below E c , and the total radiative width of the capturing state. To obtain adequate statistical variation in the simulated quantities, we performed 50 A. Determination of the total radiative thermal-neutron capture cross section
The total radiative thermal neutron-capture cross section σ 0 is determined as the sum of contributions from:
(i) the sum of observed experimental partial γ-ray production cross sections feeding the ground state from all levels below E c and directly from the capturing state (
(ii) the simulated fraction of transitions feeding the ground state from the quasicontinuum (P 0 ), i.e., within the excitation-energy range E c < E < S n .
Combining these two quantities allows for the total cross section to be rewritten as
where α i0 is the internal conversion coefficient for a transition from level i to the ground state. In reality, the sum of observed ground-state transitions should be smaller than the determined cross section because of the unknown fraction of missing intensity above E c .
B. Level densities
The nuclear LD dependence on excitation energy E, spin J, and parity π in the adopted models is assumed to have a separable form:
Here, ρ(E) denotes the total density of nuclear levels as a function of energy. The adopted spin-distribution factor f (E) is typically expressed using the formula [44] where σ c is a spin-cutoff parameter and π(E) describes the parity dependence as a function of excitation energy. In this study, we considered two different LD models of the form ρ(E, J) = ρ(E)f (J): the constanttemperature formula (CTF) [45, 46] and the back-shifted Fermi gas (BSFG) [46, 47] models. The adopted LD models and their parametrizations, determined from fitting low-excitation-energy levels and s-wave neutron resonances above the neutron-separation energy S n [42, 43] , are briefly described below. The CTF model assumes a constant nuclear temperature T throughout the entire excitation-energy range and is given as
where E 0 is the energy-backshift parameter to correct for nucleon pairing, while T may be interpreted as a critical temperature for breaking nucleon pairs. The adopted parametrizations according to the CTF LD model for 140 La are listed in Table III . A parameter-free constant value is assumed for the spin-cutoff used in f (J) (Eq. (11)): σ c = 0.98A 0.29 from Refs. [42, 48] . The BSFG model is based on the assumption the nucleus behaves like a two-component noninteracting fermionic fluid and is given by
where E 1 is an excitation-energy backshift to correct for the fermion pairing and a is the shell-model LD parameter. These parametrizations, as applicable to the BSFG LD model for 140 La, are also listed in Table III . The spin-cutoff parameter adopted for the BSFG model was proposed in Ref. [50] and has an energy dependence given by
The parity-distribution function in Eq. (10) π(E) denotes the fraction of positive-or negative-parity states as a function of energy. For the fraction of negative-parity states this implies
and because parity is conserved, the fraction of positiveparity states is simply π(E, ρ + ) = 1 − π(E, ρ − ). An empirical model embodying a Fermi-Dirac functional form proposed by Al-Quraishi et al. [51] was used to describe the parity dependence in this work:
where the sign of the ± coefficient is determined according to the parity of the ground state, c is a parityratio parameter, and δ p is an energy-shift correction related to pairing. For 140 La, the low-lying levels are predominantly characterized by negative parity including its ground state and, therefore, a negative sign is used in Eq. (16) to describe the parity distribution. The parametrizations from Ref. [51] for the odd-odd nucleus 140 La were assumed for the statistical-model calculations: c = 3.0 MeV −1 and δ p = 0.0253 MeV. We also tested parity-independent LD models which were found to be consistent with our adopted parity-dependent approach.
C. Photon strength functions
Initial transitions in capture γ-ray cascades originating at the neutron-capture state are believed to dominantly have electric dipole (E1) character. These γ rays are usually modeled using the low-energy tail of the giant dipole electric resonance (GDER). In the region well above the neutron-separation energy, the shape of the GDER can be probed through photonuclear (γ, n) measurements. At these higher energies, the shape of the resonance can usually be well described with a standard Lorentzian, often referred to as the Brink-Axel (BA) model [52, 53] . For E γ S n the shape of the E1 PSF is not well known, and different extrapolations of the BA model are typically used.
To parametrize the E1 PSF we fit a single-component standard Lorentzian to the nearest-neighboring photonuclear 139 La(γ, xn) data of Beil et al. [49] , shown in Fig. 6 in the interval 12 ≤ E γ ≤ 17 MeV (illustrated with the orange curve). The fitted-resonant energy (E G ), width (Γ G ), and cross section (σ G ) results are listed in Table IV. Our results compare reasonably well with those in the Reference Input Parameter Library (RIPL) [54] . Using these parameters in Table IV , we tested not only the BA model but also other models of the E1 PSF, namely: the Kadmenski, Markushev, and Furman (KMF) [55] and the generalized Lorentzian (GLO) [56] models.
The Brink-Axel function f
BA for the E1 PSF is described by a standard Lorentzian according to
where the constant Fig. 6 , the BA model describes the highenergy photonuclear data rather well, but it significantly overestimates the low-energy PSF data obtained using the Oslo Method [9, 10] .
The BA model is dependent on E γ alone. Both the KMF and GLO models, on the other hand, include an additional temperature dependence because they embody a temperature-dependent resonance width given by
where the nuclear temperature Θ is a function of the excitation energy of the final level E f , such that
In Eq. (19), a is the shell-model LD parameter described in Sect. III B and the pairing energy for odd-odd nuclei is calculated using ∆ = −0.5|P d |, where P d is the deuteronpairing energy tabulated in Ref. [42] . For 140 La, P d = −2.079 MeV and, thus, ∆ = −1.0395 MeV.
The KMF model for the E1 PSF is then given by 3 He') data (red squares) and the 139 La( 3 He,α) data (green circles) are both taken from Ref. [9] , and the 139 La(d, p) data (blue triangles) are taken from Ref. [10] . The dotted-purple curve labeled as Kheswa corresponds to the PSF described in Ref. [9] . The orange curve represents a Lorentzian fit to the giant dipole resonance observed over 12-17 MeV used to deduce the adopted parametrizations of the PSF.
value of 0.7 [55, 58] . As shown in Fig. 6 , the KMF model describes the Oslo data (i.e. the region E γ S n ) much better than the BA model.
The GLO model, developed by Kopecky and Uhl [56] , connects the BA model near the maximum of the GDER with the KMF model at low γ-ray energy. This model has the following analytic form
. (21) Overall, Fig. 6 shows that the GLO model for the E1 PSF best reproduces both the low-and high-energy data. A single-particle (SP) model [59, 60] was adopted in this work to describe the magnetic dipole M 1 strength. Although we varied the SP strength to test its influence on the simulations, Fig. 6 suggests that any additional M 1 strength is likely to be small because the models for the E1 PSF already reproduce the low-energy experimental data adequately (KMF and GLO models), or over predict (BA model). Ultimately, a value of SP = 1 × 10 −9 MeV −3 was adopted for the M 1 PSF cf. the adopted value in previous studies of 180 W [25] , 183,185,187 W [30] and 186 Re [31] . A scissors mode [61, 62] for the M 1 PSF was also considered in this work but it is expected to be very weak and did not produce any significant differences.
As a further consideration, we also tested the empirical function developed by Kheswa et al. [9] to fit the low-energy charged-particle [9, 10] and high-energy photonuclear [49, 63] experimental strength function data for several lanthanum isotopes. This model combines three standard Lorentzians (BA model) with resonances centered on 6.4 MeV (σ G = 2.9 mb, Γ G = 1.3 MeV), 9.9 MeV (σ G = 15 mb, Γ G = 1.6 MeV), and 11.4 MeV (σ G = 15 mb, Γ G = 1.4 MeV), together with a GLO model centered on a GDER with E G = 15.6 MeV, σ G = 336 mb, and Γ G = 5.6 MeV. A fixed nuclear temperature Θ = 0.1 MeV was adopted in the GLO component of this model in place of, and to remove the excitation-energy dependence given by, Eq. (19) . The total fitting function represented by this model is overlaid with the experimental data labeled "Kheswa" in Fig. 6 .
Quadrupole strength is expected to contribute far less than dipole strength. We have modeled the contribution of the E2 PSF based on the giant quadrupole electric resonance (GQER). This model uses a standard Lorentzian (SLO) with a single resonance to describe the isovectorisoscalar quadrupole vibration, given by
where
. GQER parameters were calculated using the following global systematics:
, Γ G = 6.11 − 0.012A MeV [65] , and σ G = 1. [65] . Our adopted parameters are listed in Table IV. Photon strength corresponding to M 2 and higherorder multipole transitions were not considered in modeling the neutron-capture γ-ray cascades in this work due to their expected insignificance. Table V lists partial γ-ray production cross sections (σ γ ) for 418 γ rays associated with 173 levels of the 140 La decay scheme [3] up to an excitation energy of 3009.8 keV. Of these experimental transitions, 145 are primary γ rays originating at the neutron separation energy. A spin window of 1 ≤ J ≤ 7, through both direct and indirect population, is observed. Using previous information in ENSDF [3] , transitions measured in the prompt γ-ray spectrum were placed in the 140 La level scheme.
IV. RESULTS AND DISCUSSION
The nucleus
140 La is odd-odd (Z = 57, N = 83) with a relatively high level density. The 139 La(n, γ) reaction populates many levels based on several possible configurations above the Z = 50 and N = 82 shell closures. The low-lying levels in the residual nucleus are well characterized in terms of quasiparticle couplings between valence protons in the 1g 7/2 and 2d 5/2 orbits with neutrons in the 2f 7/2 and 3p 3/2 orbits [33, 34] . Earlier theoretical work suggests these negative-parity states involve the protonneutron multiplets |π(l jp ) ⊗ ν(l jn ); |j p − j n | . . . |j p + j n | where l j p(n) and j p(n) corresponds to the proton (neutron) orbital and the total angular momentum, respectively, of the aforementioned valence subshells. There is considerable evidence for mixing between these configurations [66] , leading to a complicated level structure for 140 La. Indeed, the failure of the Brennan-Bernstein coupling model in odd-odd nuclei [67] for 140 La, which predicts 6
− for its ground-state spin-parity rather than 3
, is not surprising as the mixing between quasiparticle configurations shifts the level ordering with respect to the pure configuration limits. Furthermore, theoretical calculations that underestimate configuration mixing fail to accurately reproduce the low-lying spins, e.g., Ref. [68] . These observations, together with the underlying theoretical conjecture, are consistent with the observed complicated γ-ray spectrum shown in Fig. 1 . The γ-ray transitions observed in this work have been obtained from a singles measurement. Many of the γ-ray signals occur in close proximity to one another leading to peaks that are often superimposed on top of one another rendering direct measurement of the intensity difficult. In these cases, identified by footnotes in Table V, branching ratios from ENSDF [3] were used to normalize the cross sections. The normalization transition for each level, usually the strongest γ-ray branch, is also indicated. For certain transitions, also noted in Table V, limits on the γ-ray intensities depopulating a level could only be established through the measured feeding intensity ( m j=1 σ γj ) to that level. Here, we assume the depopulation of the level must be at least equal to, or greater than, the observed feeding. The lower limit for a transition depopulating a given level is obtained as
where m and n denote the total number of γ rays feeding (j) and deexciting (i) the level, respectively, and b Ri is the ENSDF-reported [3] branching ratio. Limits on γ-ray cross sections for transitions deexciting the following levels were all determined using Eq. (23) In addition, for several γ-ray transitions a contaminant contribution to the observed multiplet, either from the background or another transition of similar energy, was subtracted from the observed peak intensity to arrive at the reported cross sections. These transitions are also identified with footnotes in Table V . The level energies of 140 La in Table V were obtained from a recoil-corrected least-squares fit to the experimental E γ data. These energies compare well with the adopted values in ENSDF [3] . Spin-parity assignments for the levels involved, γ-ray transition multipolarities (XL) and multipole mixing ratios (δ γ ) reported in Table V were taken from ENSDF [3] where available, and internal-conversion coefficients (α) were recalculated with BRICC [40] according to the tabulated transition multipolarities. The J π values could be verified for all but one of the first ten levels up to our established critical energy E c = 285 keV (see Sect. IV B). Unknown transition multipolarities were assumed to be characterized by the lowest multipole order consistent with angularmomentum selection rules cf. Weisskopf single-particle estimates. Although many of these transitions may, in fact, have mixed-multipole character (with an E2 admixture), for most transitions (E γ 200 keV) this will have a negligible impact on the α-corrected cross sections. On the other hand, for several lower-energy transitions below E c , δ γ was adjusted to optimize agreement with the observed γ-ray intensity balance (see Sect. IV E) and statistical-model calculations. Similar investigations with δ γ have been carried out previously in 181 W [25] and 186 Re [31] . , where E B < S n ), contribute to the total thermal neutron-capture cross section:
In the 139 La target there is a single bound resonance where E B = −48.63 eV, J = 4, and σ(B) = 8.955 b [27] . Using the recommended values of σ(−) = 0.084 b and σ(+) = 0.005 b for populating the 3 + and 4 + capture states above S n [27] , respectively, the spin-fractional composition of the capture state may be deduced from
For the statistical-model calculations described in this work we adopt a capture-state composition J π c.s. = 3 + (0.9%) + 4 + (99.1%) based on the recommended values above [27] , which agrees well with our experimental data.
Because the prevailing decay from the capture state proceeds via E1 transitions, direct feeding of negativeparity states dominate the decay process and a spin window of 2 − ≤ J π ≤ 5 − may be observed. However, given that the overwhelming contribution comes from a 4 + state, this implies the range 3 Table V shows that primary-γ decays to final levels below ∼ 1 MeV with J π = 3 − , 4 − , or 5 − , are, on average, more than an order of magnitude stronger than decays to a 2 − level. Using this information together with the observed systematics, we impose the following limitations on γ-ray multipolarity and final-level J π assignments to improve the decay scheme where possible:
for levels fed by primary γ rays with σ γ ≥ 0.01 b assuming E1 character and a 4 + capture state; J = (2, 3, 4) for levels fed by primary γ rays with σ γ < 0.01 b assuming E1 or M 1 character and a 3 + capture state. Footnotes are used to identify these assignments in Table V. B. Constraints on the 140 La decay scheme
In our previous works on light [69] , medium-mass [29, 57, 70] , and heavy nuclei [25, 30, 31] , it has been demonstrated that comparison of experimental depopulation with simulated population of individual levels is a powerful tool for constraining nuclear structure properties and decay-scheme completeness. The simulated population of a level P sim L is calculated with DICEBOX as a fraction per neutron capture, while the measured experimental intensities are determined as absolute cross sections. Clearly, it is important we compare simulated and experimental quantities with the same units. To achieve this, we converted the experimental values to intensities per neutron capture of a level P expt L using the relation
where n is the number of γ rays depopulating a given level. Preempting the following discussion in this section, a representative comparison of the simulated population with experimental depopulation is shown in Fig. 7 (a) for all levels below E c . This figure was generated using the GLO/CTF model combination for the E1 PSF/LD, assuming the PSF parametrization in Table IV and the LD parametrization of Ref. [43] . Porter-Thomas fluctuations from independent nuclear realizations give rise to the uncertainties on the ordinate, while the experimental uncertainty in the measured cross sections generate those on the abscissa. The uncertainty on σ 0 has not been propagated through because this quantity was only used to normalize P expt L . Agreement between model and experiment is indicated by the close proximity of results to the slope of unit gradient and through their corresponding residuals R,
, shown in the lower panel of Fig. 7 .
According to the present (n, γ) analysis and previous information in ENSDF [3] , we have decided to set E c to 285 keV. There are 10 levels below this value of E c . The good agreement between simulation and experiment (e.g., Fig. 7 (a)) provide support for choosing a set of adopted models (see Sect. IV F) and the corresponding nuclear structure information for all levels below E c : γ-ray transition energies, internal-conversion coefficients, branching ratios, multipole-mixing ratios, and spin-parity assignments.
All levels below E c are considered to have firm J π assignments, apart from the two ENSDF-reported levels at 92.8 and 106.1 keV [3] , each of which have unknown J π assignments and no γ-decay branches are known. The only evidence for the 92.8-keV level is from a much earlier 139 La(d, p) measurement [66] where the authors claim that the observed weakly populated structure may not be real, leading to a tentative assignment. No other measurements have been able to confirm this level and we find no evidence supporting its assignment in this work. Furthermore, because all low-lying levels expected from the multiplets of states involving the dominant configurations at low-excitation energy in 140 La have already been accounted for, we support the speculation of Kern et al. [66] and suggest that this level does not exist and have removed it from the decay scheme. The other level at 106.1 keV was also first tentatively reported in the same 139 La(d, p) study, again based on a weakly populated structure, and values of 4 − , 5 − , or 6 − are proposed as possible spin-parity assignments for this level [66] . Level energies consistent with 106.1 and 103.8 keV are also reported in the more recent 139 La(n, 2γ) measurement of Vasilieva et al. [71] . However, because of the poor energy resolution associated with that measurement, many of the close-lying intermediate levels could not be unambiguously resolved and these two levels are likely to be an unresolved doublet [3] . We, therefore, suggest that the weakly populated level at 106 keV in Ref. [66] is, in fact, the same level measured at 103.8 keV in this work.
The adopted J π assignment for the 103.8-keV level is 6 − [3] . Our analysis in this work and previous studies [25, 29-31, 57, 69] shows convincingly that the simulated population of the low-lying levels in many cases depends strongly on their J π assignments. We find a marked reduction in the residual difference between experimental depopulation and simulated population for a J π = 5 − ( Fig. 7(a) : |R| = 1.6σ) over a J π = 6 − ( Fig. 7(b) : |R| = 3.8σ) assignment. Accordingly, we suggest a revised 5
− spin-parity hypothesis for this level. A favorable E2 multipolarity for the 554.9-keV γ ray feeding this level from the 3 − level at 658.3 keV accompanies and supports this adjustment, rather than a ∆J = 3 transition [3] that previously and otherwise indicates an M 3 mutlipole. For all other levels below E c , the population-depopulation plot of Fig. 7 does not contradict the proposed J π assignments in ENSDF [3] .
The decay properties for many of the levels presented in Table V necessitate further discussion and are described, in turn, below:
30.0-, 48.9, 63.2-, and 103.8-keV levels. All levels are depopulated by low-energy γ rays that are difficult to measure in the capture-γ spectra, and in some cases below the HPGe threshold. Partial γ-ray cross sections for all transitions associated with these levels were, therefore, normalized to the absolute intensity I γ /100n data of Meyer et al. [33] , as described earlier in Sect. II B. To help balance the intensities for the 48.9-, 63.2-, and 103.8-keV levels, we deduced optimal internal-conversion coefficients using Eq. (23) assuming mixed M 1+E2 transitions for the 14.24-, 28.53-, and 54.94-keV γ-ray transitions, respectively. Accordingly, this optimization process also yields the corresponding mixing ratios for these transitions listed in Table V . An additional 40.6-keV E2 γ-ray transition is also reported to deexcite the 103.8-keV level in Ref. [33] with an upper limit of 0.004/100n. This transition is not reported in ENSDF [3] . We are unable to confirm the placement of this transition from the singles capture-γ spectra and the plot of Fig. 7(a) already suggests an approximate equilibrium for the populationdepopulation intensity balance. Nevertheless, we have tentatively listed the 40.6-keV γ-ray transition with its normalized upper-limit cross section in Table V because it does not significantly affect the overall intensity balance of the level (see Sect. IV E). 34.6-keV level. This level is deexcited by a single E2 transition direct to the ground state. Previous absolute intensity measurements for this 34.6-keV γ ray have proved problematic, however. In the work of Jurney et al. they report a value of 0.29/100n, but note that systematic errors arising from γ-ray self absorption within the source (due to a poorly-defined geometry) may lead to their intensities being off by a factor of two for transitions below 100 keV [34] . More recently, Meyer et al. report a value of 0.73(2)/100n [33] corresponding to the total intensity of an unresolved region convolved with cerium K α1 and K α2 x-ray doublets observed following the β − decay of 140 La to 140 Ce. Attempts at deconvolving the intensity of the 34.6-keV γ-ray generate results that differ in magnitude by almost a factor of two and with error bars ranging from 31 − 48% [33] . Because of these ambiguities, we have adopted an intensity balance approach for this level using Eq. (23). Our deduced partial cross section for this transition (Table V) yields an average intensity of 0.51(9)/100n based on comparison with the data reported in Refs. [33, 34] . This result is significantly less than the total intensity of the region reported in Ref. [33] , as should be expected. It is also consistent with the earlier observation in Ref. [34] assuming their correction factor for γ-ray self absorption. 43.8-keV level. A 13.9-keV γ ray is known to deexcite this level. This transition has previously been reported by Meyer et al. with an upper limit of 0.09/100n [33] . Our reported cross section in Table V has been determined using Eq. (23) and yields an absolute intensity of 0.04/100n, consistent with the previous limit. An additional possible transition at 43.8 keV is reported in Ref. [33] with I γ < 0.003/100n; this transition has also been adopted in ENSDF although its placement is uncertain [3] . Again, we are unable to provide confirmation of this transition from the capture-γ spectra. However, because we have adopted an intensity-balance argument to determine the total deexcitation of the level, it is possible that deexcitation may occur via an additional decay path and have, therefore, included the normalized cross section of the tentative 43.8-keV γ ray as an upper limit in Table V. 318.2 and 322.0-keV levels. An intermediate level at 320.2 keV is also reported tentatively in ENSDF with no known γ-decay branches and without a J π assignment [3] . The only experimental observation of this level comes from a thermal neutron-capture two-γ cascade measurement [71] . However, many of the levels populated in Ref. [71] are known to be unresolved multiplets [3] and it is speculated that this level is most likely the unresolved multiplet of the nearby 318.2-and 322.0-keV levels, implying its existence is highly questionable. Furthermore, the observed γ-ray intensity feeding and deexciting both the 318.2-and 322.0-keV levels is well balanced (see Sect. IV E). However, in a few instances, a final-level energy of 320.2 keV corresponds to a better excitation-energy fit for some γ rays in Table V ; these cases are identified and may indicate the presence of an unresolved doublet transition to both the 318.2-and 322.0-keV levels. Thus, we do not include the 320.2-keV level from our measured decay scheme.
658.3-and 755.3-keV levels. Gamma rays with unknown branching ratios at 190.6 and 179.2 keV are reported to deexcite levels at 658.3 and 755.3 keV, respectively [3] . These transitions were searched for in the prompt spectrum but could not be uniquely identified [45, 46] model for the LD using the parametrization of Ref. [43] . The J π distribution of the levels is indicated on the plot and a dashed-black line of unit slope is drawn for guidance. Lower panels: Residuals (R) between simulations and experimental data as a function of the excitation energy. The plots correspond to (a) J π = 5 − and (b) J π = 6 − assignments for the 103.8-keV level.
and are omitted from Table V. It should be noted that the low-energy tail from a strong peak at 181.9 keV from 157 Gd(n, γ) may obscure a γ-ray line at the reported energy of 179.2(5) keV. However, because our measured cross section of 0.500 (19) b is consistent with the expected value of 0.472(38) b [22] , assuming our measured abundance of 1.03×10 −3 (7)%, this implies any additional transition around this energy is likely to be very weak at best.
673.0-and 711.7-keV levels. A low-energy γ-ray transition at ∼ 38.7 keV is reported to deexcite the 711.7-keV level with an unknown branching ratio [3] . Because this transition is below the HPGe threshold set during the measurement we are unable to determine its partial cross section from the prompt spectra. The energy region is also partially obscured by an overlapping x ray. Due to these limitations we have, therefore, normalized the cross section for the 38.7-keV transition to its absolute intensity reported by Meyer et al. [33] . The authors of that work report a weighted average of 0.084(17)/100n yielding a normalized value σ γ = 0.0058(13) b; we have increased the uncertainty on the intensity in Ref. [33] to correspond to that of the lowest individual measurement. The excitation-energy difference E γ = E i − E f suggests this transition is most likely to feed the ENSDF-reported level at 673.0-keV [3] . However, it should be noted that ENSDF also adopts a nearby level at 671.1(5) keV based on a thermal 139 La(n, 2γ) study [71] , hitherto the only measurement of this level. Although observation of the level at 671.1-keV may be explained due to the poor energy resolution that informs the 139 La(n, 2γ) measurement [71] , matters are further complicated given that γ rays of distinctly different energies are reported to deexcite these nearly-degenerate levels. ENSDF lists γ-ray energies of 565.0(8) and 608.3(6) keV deexciting the 671.1-keV level, and γ rays at 97.1(5) and 638.33(3) keV from the 673.0-keV level [3] . We find no evidence for a 97.1-keV transition in our prompt spectra and although we measure an unplaced transition at 637.30 (34) keV, this value is still 1 keV less than the ENSDF value. Gamma rays of similar energies to those from the 671.1-keV level are, however, observed in the prompt spectra making it difficult to confirm the deexcitation mechanism. Because the low-energy 38.6948(15)-keV transition from the 711.7-keV level has been accurately determined from a curved-crystal spectrometer measurement [33] we suggest the final level associated with this decay to be at 673.0 keV. Unfortunately, we cannot satisfactorily ex-plain the decay of this level and make no attempt to report it−or that of a possible level at 671.1 keV−in Table V. 744.7-keV level. An 86.43(3)-keV γ-ray is reported to deexcite this level with unknown branching ratio [3] . Although we measure a nearby peak at 86.93 (8) keV in the prompt spectrum (σ γ = 0.0155(15) b after correcting for attenuation), a transition of similar energy is also observed in the background spectrum. Because the intensity balance of the level does not imply significant information is missing and our measured energy is quite far from the ENSDF-reported value, it is difficult to deduce the component, if any, that may be attributed to the deexcitation transition. Accordingly, we do not list this transition in Table V. 969.3-keV level. ENSDF reports, with uncertain placement, a 968.66(8)-keV transition to the ground state [3] . In our prompt spectrum the closest candidate transition we find is at 969.27(16) keV. We have tentatively included this γ ray in Table V , however, it should be pointed out that this represents a statistically-significant energy difference of more than 3σ cf. ENSDF. 1033.2-keV level. The ENSDF-reported γ ray at 925.5(15) keV [3] may populate either the 103.8-or 106.1-keV levels. Although the 106.1-keV is apparently a better fit, we note that the γ-ray energy has a large associated uncertainty and this could also allow for a transition to the 103.8-keV level. Should the 106.1-keV level be fed, we would expect to observe deexcitation of this level. However, since this is clearly not the case, either in this or previous works [3] and together with our earlier arguments for removal of the 106.1-keV level, we suggest a more likely placement for the poorly-resolved 925.5-keV transition feeds the 103.8-keV level.
1116.8-, 1264.9-, and 1340.3-keV levels. We report improved accuracy regarding γ-ray energy and branching ratio measurements for all levels cf. ENSDF [3] . These measurements contribute towards goals outlined in Refs. [2, 72] . Our measured branching ratios for the 1264.9-keV level are statistically different from those in ENSDF. 1477.9-keV level. ENSDF reports the 1207.1(4)-keV γ ray from this level as an undivided doublet. The same γ ray is also reported as the only transition to deexcite the 1479.3-keV level [3] . The 1477.9-keV level is fed by a primary γ ray with E γ = 3683.1 keV but there is no evidence for primary feeding of the 1479.3-keV level. This finding is consistent with previous 139 La(n, γ) studies [73] . We propose that the transition measured at 1208.5-keV is most likely a resolved singlet and, accordingly, suggest revised branching ratios for this level based on σ γ measurements in Table V . However, the large uncertainty in σ γ for both the 1208.5-and 1414.7-keV transitions from this level result in branching ratios consistent with those in ENSDF. 1580.0-keV level. A 1420.1(4)-keV γ-ray is reported in ENSDF as a doublet with undivided intensity; its placement in the level scheme is reported as uncertain. The same 1420.1-keV γ-ray is also reported, again with uncertain placement, to deexcite the 1581.5-keV level [3] . Our analysis reveals primary γ-ray feeding to the 1580.0-keV level via E γ = 3580.7 keV, but not to the 1581.5-keV level cf. similar findings in Ref. [73] . The ENSDF assignment for the 1581.5-keV level is attributed to the 139 La(n, 2γ) measurement [71] and observation of a level at 1583.6(26) keV reported in 139 La(d, p) [66] . However, because of the large uncertainties associated with the primary γ rays measured in the 139 La(n, 2γ) work, many of the intermediate states populated were not unambiguously resolved [71] . The large uncertainty reported for this level in the 139 La(d, p) measurement could imply it is an imprecise determination for the 1580.0-keV level reported here; our J π assignment for this level is also consistent with a state vector arising from a quasineutron in the f 7/2 orbital that would be expected for an l = 3 transfer measured in Ref. [66] . For these reasons, we suggest the measured γ-ray transition at 1420.98(37) keV is most likely attributable to deexcitation of the 1580.0-keV level alone and have removed the ENSDF-reported level at 1581.5 keV [3] from the decay scheme. Our measured branching ratios for this level are also statistically different to those in ENSDF. 1672.6-keV level. This level is fed by a 3488.4-keV primary γ with σ γ = 0.0186(26) b. Previous pairspectrometry 139 La(n, γ) measurements have also reported this transition [73] . Because our measurement of the 1621.7-keV deexcitation γ ray, the only known decay channel from this level, is part of a doublet centered on ∼ 1623 keV we impose a lower limit of σ γ ≥ 0.0186 b based on the observed primary γ-ray feeding to the level. Accordingly, this limit reduces the remaining intensity available for the other 1623.2-keV component of the doublet which deexcites the 1895.7-keV level. 1736.0-keV level. Earlier work on 139 La(n, γ) reported two nearly-degenerate levels at 1735.6 and 1736.7 keV based on primary γ rays observed at 3425.4 and 3424.3 keV, respectively [73] . Their intensities are reported with a 2.5 : 1 ratio in favor of the 3425.4-keV γ ray. In our work, we fit this region with a single transition centered on 3424.8 keV as shown in Fig. 8 . The full-width half-maximum (FWHM) value for this transition is consistent with those of neighboring γ rays, and the residuals between our fitted line shape and measured data also suggest the region is well described by a single transition. However, upon fitting the region as a doublet, we determine centroids at 3425.4 and 3424.1 keV but with an intensity ratio of 1.35 (90) . Furthermore, uncertainties on the FWHM for the doublet transitions are more than a factor of two larger than those of neighboring transitions. For these reasons we have removed the ENSDF-reported level at 1736.7-keV [3] and allocated the full primary γ-ray intensity feeding the 1736.0-keV level to that of the transition measured at 3424.8 keV.
As noted in Table V , we were only able to obtain limits on the intensities of the transitions deexciting this level using Eq. (23). 
1765.7-keV level.
A single γ ray at 1732.2 keV deexcites this level with a measured intensity σ γ = 0.0152(37) b. This cross section is consistent with that of the 3395.3-keV primary γ ray feeding the level, σ γ = 0.0123(30) b. Although a background γ ray recorded at 2242.8 keV may give rise to a single-escape peak at ∼ 1732 keV, it is unlikely to be a source of significant contamination (if any) given the observed balance between feeding and deexcitation of the level. 1842.1-keV level. The 1840.8-keV γ ray is reported as an undivided doublet with uncertain placement in ENSDF [3] . The other doublet deexcites the 1838.9-keV level which is not populated in this measurement. All γ rays from this level are difficult to resolve and intensity limits were determined using Eq. (23) . Unfortunately, given the above constraints, we are unable to deduce a unique branching ratio for the 1840.8-keV γ-ray transition and the limit presented assumes the undivided intensity of ENSDF. 1859.4-keV level. This level is depopulated by a single γ ray at 1755.9 keV with a measured cross section of 0.0393(41) b after resolving for a doublet contribution from the 1818.4-keV level. However, the deexcitation intensity of this level is (still) very much larger than the feeding intensity of 0.0055(30) b via the 3301.5-keV primary. It remains unclear why this discrepancy is so large, although a large contribution from unobserved side feeding could offer one explanation. 1895.7-keV level. A relatively strong 3265.3-keV primary γ ray feeds this level (σ γ = 0.0515(39) b). The deexcitation of the level is known only to proceed via a single γ ray at 1623.2 keV [3] . In our prompt spectrum we measure a transition centered on 1623.4 keV which has a total intensity of 0.0296(40) b, nearly a factor of two less than the primary-intensity feeding the level. However, after removing the intensity attributed to the limit imposed by the 1621.7-keV doublet component that deexcites the 1672.6-keV level, the remaining cross section available for this transition leaves an upper limit of only 0.011 b. Because it is not physical for the depopulation intensity from a level to be smaller than its population intensity, this may imply there are missing deexcitation γ rays associated with this level. Previous studies in tungsten [30] , for example, have demonstrated how lowenergy γ rays ( 20 keV), often difficult to measure experimentally, may explain gaps in the intensity balance of a level. Indeed, missing (or, hitherto unknown) γ rays in general may explain an apparent imbalance. 1964.1-keV level. We report improved γ-ray energy and branching-ratio measurements for this level. Our results are statistically consistent with those in ENSDF [3] . 2044.8-keV level. In the adopted literature, a doublet centered on 1993.0 keV is reported to deexcite this level and the (unobserved) 2041.9-keV level; these placements in the decay scheme are uncertain [3] . ENSDF gives the undivided intensity for each level. We could not accurately determine the intensity of a 1993.0-keV transition in the prompt spectrum and have normalized this transition to the stronger well-resolved γ ray at 1726.9 keV, assuming the undivided branching ratio from ENSDF of 40(8)%. 2069.1-keV level. ENSDF reports this level to deexcite via a transition at 1797.5(10) keV [3] . In Table V we report a more accurate energy at 1795.13(34) keV (within 3σ). 2204.6-keV level. ENSDF reports consistent branching ratios, albeit with very large error bars, for the 2156.0-and 2164.7-keV γ rays that deexcite this level [3] . Because our cross sections for these transitions also have fairly large error bars, although not as large as those in ENSDF, our branching ratios are also consistent with the ENSDF values. The 2164.7(18)-keV γ ray fits the decay scheme poorly. 2297.9-keV level. Our γ-ray energy and branchingratio measurements, listed in Table V , for many of the transitions from this level are statistically different (> 1σ) to those in ENSDF [3] . We do not observe a transition at 2027.2 keV [3] and so have normalized its cross section to that of the best-resolved γ line at 2248.3 keV. All other transitions were extracted directly from the prompt spectrum after ruling out background sources including escape peaks. 2412.8-keV level. ENSDF reports a single deexcitation γ ray at ∼ 2094 keV; its placement in the decay scheme is uncertain [3] . We measure a weak transition at 2093.8 keV with σ γ = 0.0043(33) b. However, the level is fed by a significantly stronger primary at E γ = 2748.1 keV (σ γ = 0.0207(30) b). Because we know this level is populated in 139 La(n, γ) [73] , the lack of deexcitation intensity suggests incomplete decay-scheme information for this level. Although unlikely to be a sig-nificant source of contamination, this scenario is further complicated given that a possible double-escape peak from the 3116.4-keV primary γ ray may interfere with the observed intensity in the 2093.8-keV γ line.
C. J π assignments for discrete levels above Ec
In the previous Sect. IV B we described how the statistical model can be used to confirm existing, and infer new, J π assignments for discrete levels below the critical energy (E c ) where we believe the decay scheme is complete. For levels above E c , however, this approach is not possible and we must adopt other nuclear-structure arguments. Interpretation of the levels above ∼ 700 keV becomes complicated because of the strong particle-phonon coupling expected in 140 La where a linear combination of an impracticably large number of spherical shell-model basis vectors is required to describe the overall state vector [66] . The lower-lying levels, however, are better understood in terms of configurations based on couplings involving 1g 7/2 and 2d 5/2 quasiprotons with 2f 7/2 and, to a lesser extent, 3p 3/2 quasineutrons. The fact that all measured angular distributions to levels below 600 keV are consistent with an l = 3 transfer demonstrates the dominance of the ν(2f 7/2 ) orbital at low excitation energy [66] . Above this energy, l = 1 transfers have been observed for several levels [66] indicating the onset of the ν(3p 3/2 ) orbital; this is also to be expected according to systematics of the neighboring isotonic odd-A nuclei where the ν(3p 3/2 ) orbital begins to appear around 700 keV, e.g., 141 Ce [74] . Using this information, we can now assign level properties to states below 600 keV in terms of J π assignments from the expected multiplets of levels not used to describe other levels. 322.0-keV level. This level is currently reported with J π = (5 − , 6 − ) in ENSDF [3] . Fourteen low-lying levels are expected from the two configurations based on couplings with the 2f 7/2 quasineutron:
Because we are suggesting a J π = 5 − assignment for the 103.8-keV level and the other 5 − assignment is already exhausted through the 34.6-keV level, this leaves a 6 − assignment as the only remaining possibility from the above octuplet and sextuplet of levels, with the other 6 − assignment occupied by the 48.9-keV level. Particlephonon coupling is demonstrably unimportant at such low excitation energies in 140 La [34] , and the ν(3p 3/2 ) orbital is unlikely to play a significant role through fourquasiparticle admixtures in this regime. Furthermore, a 6 − level cannot be generated by coupling quasiparticles in the ν(3p 3/2 ) orbital with those in the available proton orbitals. We can, thus, characterize the state vector for the 6 − level assuming the mixed configuration:
where the mixing amplitudes α 2 +β 2 = 1. Direct reaction theory shows that the cross section for a state produced in a (d, p) reaction is proportional to its spectroscopic factor (S), thus, S ∝ α 2 for π(1g 7/2 ) occupancy, and S ∝ β 2 for π(2d 5/2 ) occupancy. In the 139 La(d, p) work the authors measure |α| = 1.0 for the 48.9-keV 6 − level [66] and do not observe a second 6 − level. However, neutron capture, which is generally expected to proceed through the formation of a compound nucleus is not subject to this selectivity. We propose the observed 322.0-keV level is the final level of the sextuplet to be accounted for with J π = 6 − and corresponds to an essentially pure π(2d 5/2 ) quasiproton configuration.
For higher-lying levels, we must use additional information to pin down possible J π assignments. From systematics of the observed γ-ray strengths discussed in Sect. IV A, we may impose ranges of permissible J π assignments to levels fed by primary γ rays. And because we expect dipole and quadrupole transitions to dominate the secondary component of the γ-decay scheme [34, 75] , we may then use decay properties of the associated intermediate and final levels to further constrain the range of J π values or even deduce unique solutions in some cases. Assignments deduced using these methodologies are flagged for several levels in Table V and a summary of the important findings is discussed below.
New J π assignments are proposed for 123 levels based on the observed primary γ-ray feeding; 93 of these assignments are deduced assuming a likely E1 transition from a 4 + capture state and the remaining 30 assignments have been inferred assuming either an E1 or M 1 transition from a 3 + capture state. Of the 93 levels fed from the 4 + capture state, 23 of the J π assignments are constrained further according to angular-momentum selection rules with respect to the observed decay modes and final states associated with the level populated by the primary γ ray. Similarly, we were able to further constrain the J π assignment for five of the levels populated from a 3 + capture state. Based on this analysis we report unique assignments for six levels: 796.3 (2 − ), 1547.9 (4 − ), 1652.5 (4 − ), 2006.1 (3 − ), 2018.2 (4 − ), and 2120.6 keV (4 − ). The assignments for the 1652.5-and 2006.1-keV levels are tentative, however, because they are deexcited by transitions with uncertain placement in the decay scheme [3] , while that for the 1547.67-keV level is tentative owing to the large uncertainty on both the energy and intensity of its associated primary γ ray. The J π assignment for the 796.3-keV level is also tentative (see below).
From the analysis of the secondary γ rays alone deexciting levels which are not connected to a primary γ ray, we have determined new J π assignments for an additional eight levels. For the 1486.0-and 1496.3-keV levels, we deduce J π = 4 − in each case. This unique assignment is the only plausible candidate under the restriction that observed transitions are E1, M 1, or E2 [34], because each level deexcites to a 2 − and 6 − level requiring the accommodation of stretched quadrupoles. We have also confirmed adopted J π assignments (or ranges) for 23 levels above E c on the basis of observed feeding and/or deexcitation of the level involved, together with known nuclear structure properties of all initial and final levels associated with the measured transitions. The confirmed assignments are indicated in Table V. Further discussion is warranted for J π assignments concerning certain other levels in Table V: 777.4-, 1550.9-, 1700.6-, 1736.0-, and 1842.1-keV levels. All levels are reported with firm 4 − assignments in the adopted literature [3] . These unique assignments are consistent with the currently adopted 6 − assignment for the 103.8-keV level that is populated in the decay sequence of all levels since ∆J ≤ 2 for all γ-ray transitions. However, because we have established a 5 − assignment for the 103.8-keV level according to our statistical-model calculations, this also introduces 3 − as a possible alternative assignment consistent with ∆J ≤ 2 for all γ-ray transitions. Thus, for these levels we propose J π = (3 − , 4 − ).
796.3-keV level. A (2
− ) assignment is proposed in Ref. [34] on the basis of deexcitation γ rays feeding 0 − , 2 − , and 3 − levels. However, the authors acknowledge a lack of supporting evidence from a coincidence measurement and the transition to the 0 − level has been reported in ENSDF with uncertain placement [3] . Because we do not measure coincidence data in this work we are unable to affirm this claim. The ENSDF-reported branching ratio 61(15)% [3] for the 215-keV transition to the 0 − level at 581 keV implies σ γ = 0.0264(68) b. Our capture-γ spectrum reveals no evidence for a transition at this energy unless it is obscured by the low-energy tail of the much stronger 218.2-keV γ ray from the 322.0-keV level, and so we have declined to include this transition in Table V. Furthermore, it is not possible to confirm observation of the 581-keV level (only expected to be weakly populated at best) because the strongest γ branch at 537.3 keV, observed in β − -decay studies [33] , cannot be clearly identified due to the proximity of stronger peaks overlapping in this region, while all other branches from the 581-keV level are considerably weaker [3] . Earlier 139 La(n, γ) measurements [34, 73, 76 ] also failed to populate the pure π(1g 7/2 ) 581-keV level, known only from β − decay [33] and 139 La(d, p) [66] . Although we are unable to improve upon the tentative assignment for the 796.3-keV level, a (2 − ) value seems appropriate because the level is fed by a weak primary γ ray consistent with a 3 + capture state and comparable in strength to the primaries feeding the other low-lying 2 − levels at 30.0 and 162.7 keV. 912.2-keV level. Seven γ rays are reported to deexcite this level [3] for which we observe no primary feeding. In Ref. [34] the authors report that observation of the transition to both the 1 − and 6 − levels must be an accidental energy fit. We measure a strong 868.1-keV transition that fits the 1 − level and report a normalized cross section for the 863.3-keV transition that fits the 6 − level. We concur with the findings of Ref. [34] and note that exclusion of the transition to the 1 − level implies J π = 4 − , whereas if the transition to the 6 − level is disallowed then we may accommodate all other transitions assuming J π = 2 − or 3 − . Because we have insufficient information to rule out either transition we tentatively assign J π = (2 − , 3 − , 4 − ) for this level. 914.1-, 1683.9-, and 1823.5-keV levels. These levels all decay via the a priori uniquely determined J π = 6 − level at 322.0-keV (cf. J π = (5 − , 6 − ) in ENSDF [3] ). This assignment further constrains the currently adopted ranges for these levels from J π = (3 − , 4, 5 − ) [3] to a narrower window J π = (4 − , 5 − ) owing to the exclusion of ∆J = 3 γ-ray transitions. 917.8-keV level. ENSDF reports a relatively weak 341.8-keV transition to a level at 575.9 keV with J π = (2 − , 3 − ) [3] . This transition is attributed to an earlier thermal neutron-capture measurement [76] , however, there is no evidence for this transition in our spectrum. A single 413.2-keV γ ray is also reported to deexcite the 575.9-keV level in Ref. [76] . The closest transition we observe in our spectrum occurs at 414.9 keV; these two results are at odds by more than 3σ. No other measurement reports a level at 575.9 keV and our study of the singles capture-γ data is inconclusive in ascertaining its experimental validity. From a theoretical perspective, a two-quasiparticle model demonstrably describes the state vectors for the first 14 levels through to the 581-keV level [34] , and there is no indication of the onset of the 3p 3/2 (ν) orbital until above 600 keV [66] , thus, suggesting negligible phonon or four-quasiparticle admixture at low excitation. Accordingly, it is difficult to explain the existence of an additional (and unexpected) level below the pure 1g 7/2 (π) 0 − level and we do not include transitions to or from the 575.9-keV level in our decay scheme.
941.7-, 969.3-, 1264.9-, 1442.6-, and 1449.0-keV levels. None of these levels are populated by primary γ rays. However, assuming they decay solely via E1, M 1, or E2 transitions, this suggests a broader range of J π values is possible compared to the reported range in ENSDF [3] . The 941.7-keV level is reported without assignment and although values of J π = (1 − , 2, 3, 4, 5 − ) are consistent with the current decay-mode assumption, the large number of permutations do not allow us to constrain the result in a meaningful manner. Similar findings are manifest for the other levels. For these levels, we list the adopted ENSDF J π assignments in Table V while noting that a broader range of values is permissible according to the current γ-decay analysis.
1879.4-, 1971.5-keV levels. For similar reasons outlined earlier, the reassignment of the 103.8-keV level to J π = 5 − extends the range of permutations for the 1879.4-keV level to
). Also, because we have deduced J π = 6 − for the 322.0-keV level and the highest expected multipole-order decay is E2, this implies a range J π = (4 − , 5 − ) for the 1971.5-keV level (cf. J π = (4 − , 5) in ENSDF [3] ). In addition, the observed relatively strong E1-primary feeding to each level mandates a negative parity for both levels. V: Experimental partial γ-ray production cross sections deduced from the thermal-neutron-capture reaction 139 La(n, γ). All spins J, parities π, and mixing ratios δγ are taken from the adopted levels for 140 La in ENSDF [3] unless otherwise noted. Multipolarities XL are also taken from ENSDF except for those presented in square brackets which have been assumed based on angular momentum selection rules according to ∆J for a given transition. The internal conversion coefficients α were calculated using BRICC [40] ; for mixed transitions, the mean ENSDF-reported δγ, or limit, is used to determine this coefficient unless otherwise noted. 
318.220 (7) The primary γ-ray transitions listed in Table V were used to determine the neutron-separation energy S n for 140 La. An expanded region of the spectrum corresponding to these primaries is shown in Fig. 1 . The value of S n may be determined from the measured primaries according to the final level (E f ) populated by the γ ray:
where E r = E 2 γ /2M c 2 accounts for the recoil energy of the compound nucleus of mass M . A weighted least-squares fit of the recoil-corrected γ-ray energies yields S n = 5161.005 (21) keV for the capture state in 140 La. This result is consistent with the adopted value of 5160.98(4) keV from the recent atomic mass evaluation by Wang et al. [77] , although our uncertainty represents a factor of two improvement in precision.
E. Intensity balance
A γ-ray intensity balance is determined for all levels observed in this work according to
where I γ = σ γ (1 + α) and represents the total γ-ray intensity corrected for internal conversion. Here, m and n denote the observed number of γ rays populating (i) and depopulating (j) a given level, respectively. Using Eq. (28) together with data from Table V , we have determined the intensity balance for each level and the results are tabulated in Table VI and plotted in Fig. 9 . These results generally show that I γ (out) I γ (in) for most levels below E L 1500 keV. For these levels, it is likely that we observe all (or at least the vast majority) of the decaying intensity. However, because there is unobserved side feeding to some of these levels, we do not always account for the full amount of feeding intensity and in these circumstances ∆I γ < 0. Above this energy, the situation is reversed in several instances and ∆I γ > 0. This behavior is understandable because the feeding of certain levels is often dominated by primary γ-ray transitions but only a fraction of the decays are observed, and in many cases no decaying intensity is observed. Table VI indicates a total of 71 levels (not including the ground state) populated by primary γ rays with no known deexcitation γ rays, i.e., I γ (out) = 0. For certain levels in Tables V and VI it was necessary to balance the missing intensity ∆I γ from γ rays that were obscured by neighboring doublets, or in a few cases, adjusting δ γ for mixed M 1 + E2 transitions (within the limits of pure multipoles) where the adopted values [3] could not recover sufficient intensity to account for imbalance from the observed feeding to the levels. Specific cases are highlighted and discussed earlier in Sect. IV B. Table VI show the 162.7-keV level to be slightly over populated, although ∆I γ = 0 at 2σ. The largest decay contribution from this level comes from the mixed M 1 + E2 transition direct to the ground state. Increasing the mixing ratio closer to the pure E2 limit will favor an improved overall intensity balance for the level. Also, if the M 1 transitions currently reported to deexcite this level [3] were to have a mixed E2 component, this would also improve the intensity balance. Although the present discrepancy is not very large, our current results suggest internal conversion may have been underestimated for some of the deexcitation transitions from this level.
The total observed intensity populating the ground state is 8.58 (50) b, in agreement with the adopted total radiative thermal neutron-capture cross section, σ 0 = 9.04(4) b [27] . This implies that the dominant transitions feeding the ground state have been experimentally verified. However, the total observed intensity of primary γ rays depopulating the capture state ( σ p γ ) at S n is only 5.346(62) b. By definition σ p γ = σ 0 , meaning only ∼ 60% of the total decay intensity out of the capture state is accounted for compared to the observed intensity feeding the ground state. This implies a significant fraction of primary γ rays are weak low-energy transitions to levels in the quasicontinuum. a γ-ray intensity adjusted as described in Sect. IV B.
F. Total radiative thermal-neutron-capture cross section for 139 La(n, γ)
The total radiative thermal neutron-capture cross section σ 0 has been investigated for several combinations of PSF/LD models. This quantity is obtained using Eq. (9), where P 0 is the fractional contribution to σ 0 from the calculated intensity of transitions feeding the ground state from all levels in the quasicontinuum above E c = 285 keV. For each model combination, the sum of the conversion-corrected experimentally-measured cross sections (the numerator in Eq. (9)) from levels below E c , together with the primary γ ray, directly feeding the ground state is The results presented in Table VII indicate that P 0 , and consequently σ 0 , show statistical consistency for all permutations of PSF and LD models considered in this analysis. All results assume the parity dependence of the LD described in Sect. III, however, parityindependent calculations give P 0 consistent with the parity-dependent approach. Similar findings are reported elsewhere [25, 30, 31] . This observation permits, in essence, a model-independent determination of σ 0 . From the results listed in Table VII we determine a weighted average for P 0 = 0.164 (39) , where our uncertainty represents an arithmetic average of the individual uncertainties. Special combinations involving the PSF models A and B in Table VII were not considered in the averaging process. Combining this value with the experimental contribution yields an adopted cross section σ 0 = 9.36(74) b. Of the overall 7.91% uncertainty in our result, the experimental uncertainty−including a statistical uncertainty quadratically-folded with the systematic uncertainty arising from the normalization of the partial γ-ray cross-section data−dominates at the 6.39% level, while the uncertainty in P 0 accounts for a 4.67% contribution. This result for σ 0 agrees with the value reported earlier in Sect. IV E of 8.58 (50) b corresponding to the total intensity of all transitions experimentally observed to feed the ground state directly. Our result is consistent with the currently adopted value of 9.04(4) b [27] and is largely in agreement with the earlier measurements listed in Table VIII . It is worth emphasizing that our mean value follows the higher-trending mean-reported values from the most recent activation measurements [4, 78, 79] . In previous studies of the tungsten [25, 30] and rhenium [31] isotopes, σ 0 is shown to be a stable quantity with respect to increasing cutoff energy E c . In this work, the 139 La(n, γ) simulations also demonstrate the stability of σ 0 as a function of E c , as shown in Fig. 10 for the BSFG/GLO model combination for the E1 PSF/LD with the LD parametrization of Ref. [43] . The features of this plot are representative for any particular PSF/LD combination in Table VII , and shows that both the ex- This plot was obtained with the BSFG/GLO models using the LD parametrization of Ref. [43] and is representative for PSF/LD combinations adopted in this work.
perimental contribution i σ γi0 (1 + α i0 ) and σ 0 rapidly converge to stable values even before our adopted critical energy (E c = 285 keV) is reached. Even upon extending the cutoff energy beyond this point there is no deviation from stability.
G. Model discrimination
All PSF/LD combinations generate a consistent set of σ 0 values and predicted populations to all excited states below E c in good agreement with previous measurements, thus, it is not possible to adopt a preference or rule out any particular combination on this basis alone. This is evident from the residuals between measured and simulated populations to all levels summarized in Fig. 11 . The only model combinations to show deviations greater than 2σ are the BA/BSFG and BA/CTF for the 272.3-and 284.7-keV levels, respectively, assuming the LD parametrization of Ref. [42] . Overall, it can also be seen from the deduced average residual R in Fig. 11 , that for a given LD model together with its adopted set of parametrizations, combinations invoking the BA PSF produce the largest deviation.
The agreement between the calculated mean s-wave radiative width Γ 0 and the adopted value of Γ 0 = 50(2) meV [27] may also be used to infer the validity for a particular PSF/LD combination upon inspection of the residuals according to R = | Γ 0 − Γ 0 |. Table VII clearly indicates a strong model dependency for Γ 0 . The BA model for the PSF, is rather poor at reproducing this quantity regardless of the adopted model for the LD. The GLO and KMF models fare much better combined with the CTF LD model (indicated in bold font in Table VII) , having the closest agreement to the literature value obtained using the KMF/CTF combination for either LD parametrization [42, 43] . Interestingly, the GLO model for the E1 PSF also compares well in conjunction with the BSFG LD model assuming the parametrization of Ref. [42] but not with those of Ref. [43] . In addition, it is clear from Fig. 6 that both the KMF and GLO models track the photonuclear [49] and low-energy strength function data [9, 10] rather closely throughout the observed range, while the BA model fails in the low-energy regime. The Brink hypothesis states that the shape and size of a resonance is independent of the excitation energy upon which the resonance is built, implying that a model in support of this hypothesis should only exhibit a dependence on E γ . Overall, however, our results tend to imply that the commonly adopted BA PSF model, dependent only on E γ , is less successful at reproducing the observed data. The GLO and KMF models adopted in this work are better able to reproduce the experimental observables. Both models of the PSF are based on an additional temperature dependence of the width of the giant dipole resonance, parametrized in terms of the excitation energy of final states populated by γ-ray transitions as shown in Eqs. (18) and (19) , and are consistent with a nonzero limit for the E1 PSF as the γ-ray energy ap- (Color online) Absolute residuals |R|, in units of standard deviations σ, between simulated-population and experimental-depopulation to all levels below Ec for the PSF/LD model combinations adopted in this work (Sect. IV F). The LD parametrizations for the combinations denoted "VE(05)" and "VE(09)" are taken from Refs. [42] and [43] , respectively. The average residual R is listed alongside each model combination.
proaches zero. However, it should be noted that these models are frequently adapted to remove the excitationenergy dependence by utilizing a constant-fit temperature parameter, e.g., Refs. [5, 7, 9] .
H. Modeling the low-energy PSF
Recent investigations carried out in
138,139,140 La by Kheswa et al. [9, 10] led to the development of a compound function to describe the overall photon strength in these isotopes. We have adopted this PSF and its associated parametrizations as described in Sect. III C to assess predictions with this model and perform an independent analysis of our (n, γ) data; these results are also listed in Table VII . In the first test we modeled this PSF assuming all resonance components correspond to pure E1 strength ("Model A") and in a second test we modeled the lowest-energy resonance as an M 1 contribution ("Model B"). For each case, we used the CTF LD model together with the parametrization of Ref. [42] , and assumed an additional single-particle contribution to the M 1 PSF of 5 × 10 −9 MeV −3 . Both simulations yield P 0 (and, therefore, σ 0 ) values consistent with others listed in Table VII . Because the adopted literature value for Γ 0 [27] is used to normalize the data reported in Refs. [9, 10] , values for Γ 0 consistent with this expectation value are regenerated in these calculations. Thus, it is not possible to pin down the electric-or magnetic-dipole characterization of the PSF at low energies from this analysis since both give comparable results. However, it is interesting to note that observables produced using traditional phenomenological models of the PSF adopted in this work, based on a parametrization of the giant dipole resonance at high energy to describe the E1 strength, are fully consistent with the empirical function [9] deduced using the totality of the available low-, mid-and high-energy data.
In the context of systematics approaching the N = 82 shell closure, we find the PSF for 140 La (N = 83) is best described using models exhibiting a similar response to that observed in the reportedly near-spherical 148 Sm (N = 86) rather than modestly-deformed 149 Sm (N = 87) [7] . Although the experimental data for 138 La (Fig. 6 ) appears to reveal a mild enhancement at the very lowest energies, a variance analysis of the strength function data below 5.2 MeV for all 138,139,140 La isotopes reveals consistency at the 95% confidence level (CL). Furthermore, the empirical distribution functions for these data sets agree with the continuous cumulative distribution for the GLO function at CL ≥ 85% over the same energy interval, E γ < 5.2 MeV. Neighboring nucleus 144 Nd (N = 84) [8] also displays similar characteristics at low energy to the data for 138−140 La and 148 Sm. These observations may lend support to the shape-transitional claim proposed in the samarium isotopes [7] because 138−140 La (|β 2 | ≤ 0.045 [92] ) and 144 Nd (β 2 = 0 [92] ) are well characterized as near-spherical systems.
V. SUMMARY
A set of partial γ-ray cross sections has been measured for the 139 La(n, γ) reaction using thermal neutrons. These cross sections are combined with DICE-BOX statistical-model calculations to yield the total radiative thermal neutron-capture cross section, σ 0 = 9.36(74) b. This cross section is consistent with the sum of experimentally-observed transitions feeding the ground state directly: i σ γi0 (1 + α i0 ) = 8.58 (50) b. Because it is expected that a fraction of ground-state transitions remain unobserved, it is not surprising that the experimental sum is lower. Our result for σ 0 agrees with the recent higher-trending activation measurements of 9.28 (37) [79] , as well as the earlier adopted value of 9.04(4) b [27] based on other measurements listed in Table VIII. The experimental cross sections reported in this work provide new information for the Evaluated Gamma-ray Activation File (EGAF) [76] and the Experimental Nuclear Reaction Data (EXFOR) [93] databases that will help guide and improve future evaluations for the Evaluated Nuclear Data File (ENDF) [94] . The new γ-ray data will also be useful for the International Reactor Dosimetry and Fusion File (IRDFF) [72] standardized cross-section library of neutron dosimetry reactions used in a range of neutron-metrology applications.
In this study, we are able to confirm spin-parity assignments [3] for eight levels levels below our established value of E c = 285 keV, and suggest a revised J π = 5 − assignment for the 103.8-keV level. Also, because the predicted populations agree well with the measured depopulation data up to E c , this is further evidence for decay-scheme accuracy and completeness. Furthermore, our value for E c represents a significant increase over the number of levels in the RIPL file up to which the spins and parities are uniquely assigned at 63.2 keV (i.e. the first six levels) [54] . Above E c , we deduce J π = 6 − for the 322.0-keV level corresponding to an essentially pure π(2d 5/2 ) ⊗ ν(2f 7/2 ) configuration, consistent with the dominance of l = 3 transfers [66] and the expected multiplet of states in the absence of particle-phonon coupling below 600 keV. The decay-scheme analysis also provides evidence for an additional eight unique J π assignments above this excitation energy, while confirming 23 adopted assignments (or ranges).
From the spectroscopic analysis of the prompt primary γ-ray data, we are able to confirm previous experimental observations [73] and provide a new independent measurement of the neutron separation energy in 140 La, S n = 5161.005 (21) keV. This result is consistent with, yet has a smaller uncertainty than, the present adopted value [77] , and provides useful input for future atomic mass evaluations. Furthermore, we are able to constrain spin windows for 123 levels populated by primary γ rays.
Finally, the statistical-model analysis shows that PSF models with E1 strength corresponding to a nonzero limit as the γ-ray energy approaches zero are better able to reproduce the recommended width of the neutron resonances just above S n [27] , as well as the experimental photonuclear [49] and low-energy strength function data from Oslo-type measurements [9, 10] . However, all PSF/LD model combinations generate consistent predictions for P 0 in 140 La.
